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Understanding the LSS

The observed Universe  Astronomical Processed
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INTRODUCTION

The observed Universe

e.g. see lecture by Elisabeth Krause, Cora Uhlemann
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INTRODUCTION

This lecture

The observed Universe  Astronomical Processed
foreground data
. s Optical | Detector N
system
Telescope
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INTRODUCTION

This lecture

The observed Universe  Astronomical

foreground

Optical and NIR
galaxy surveys

Emphasis on Euclid VIS

23/07/2025

Processed
data

N Optical | Detector
system
Telescope
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INTRODUCTION

- . Why as a theorist should you be interested in
~ challenges of data acquisition?
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Why as a theorist should you be interested in

challenges of data acquisition?

Z w(z) = 0.95 + 0.05 is not interesting

1+2z w(z) = 0.95 + 0.01 is interesting

w(z) = wy +w,

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 7/

10)Ae] "y wolj) palidsul apns



Why as a theorist should you be interested in

challenges of data acquisition? g,,moie of Weak Lensing

* We measure cosmological parameters from the shear power in tomographic redshift slices. With
stage-1V Dark Energy surveys (e.g Euclid): accuracy of 6(wy) = 0.01 and o(w,) = 0.1

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 8
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Why as a theorist should you be interested in

challenges of data acquisition? g,,moie of Weak Lensing

* We measure cosmological parameters from the shear power in tomographic redshift slices. With
stage-1V Dark Energy surveys (e.g Euclid): accuracy of 6(wy) = 0.01 and o(w,) = 0.1

* The error on w scales roughly as AW~ 10ﬂ.

w 14
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Why as a theorist should you be interested in

challenges of data acquisition? g,,moie of Weak Lensing

* We measure cosmological parameters from the shear power in tomographic redshift slices. With
stage-1V Dark Energy surveys (e.g Euclid): accuracy of 6(wy) = 0.01 and o(w,) = 0.1

* The error on w scales roughly as AW~ 10ﬂ.

w 14

* |In WL, we are interested in shear level of y~0.01.
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Why as a theorist should you be interested in

challenges of data acquisition? g,,moie of Weak Lensing

* We measure cosmological parameters from the shear power in tomographic redshift slices. With
stage-1V Dark Energy surveys (e.g Euclid): accuracy of 6(wy) = 0.01 and o(w,) = 0.1

* The error on w scales roughly as AW~ 10ﬂ.

w 14

* |In WL, we are interested in shear level of y~0.01.

» This means that we have to measure shear to an accuracy and precision of ~107°. This is tiny!!!
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Why as a theorist should you be interested in

challenges of data acquisition? g,,moie of Weak Lensing

* We measure cosmological parameters from the shear power in tomographic redshift slices. With
stage-1V Dark Energy surveys (e.g Euclid): accuracy of 6(wy) = 0.01 and o(w,) = 0.1

* The error on w scales roughly as AW~ 10ﬂ.

w 14

* |In WL, we are interested in shear level of y~0.01.
» This means that we have to measure shear to an accuracy and precision of ~107°. This is tiny!!!

e Statistical precision set by% = yf/eﬁ where g, =~ 0.3 is the shape noise. So we need N = 10°

galaxies. Huge survey!

10)Ae] "y wolj) palidsul apns
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Why as a theorist should you be interested in

challenges of data acquisition? g,,moie of Weak Lensing

* We measure cosmological parameters from the shear power in tomographic redshift slices. With
stage-1V Dark Energy surveys (e.g Euclid): accuracy of 6(wy) = 0.01 and o(w,) = 0.1

galaxies. Huge survey!

* Error budget will be dominated by systematics: we want to control with high precision optics and

A A

* The error on w scales roughly as —~ ~10-L
* In WL, we are interested in shear level of y~0.01. %
)
7))
» This means that we have to measure shear to an accuracy and precision of ~107°. This is tiny!!! =
) o
e Statistical precision set by7y ~ yf/eﬁ where g, =~ 0.3 is the shape noise. So we need N = 10° cg
>
o
<
o

electronics and data processing.
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INTRODUCTION

Why as a theorist should you be interested in
challenges of data acquisition? g,,moie of Weak Lensing

A raw Euclid VIS image

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle
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Why as a theorist should you be interested in

challenges of data acqmsmon? Example of Weak Lensing
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INTRODUCTION

Why as a theorist should you be interested in
challenges of data acquisition? g,,mote of Weak Lensing
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INTRODUCTION

Why as a theorist should you be interested in
challenges of data acquisition? g,,mote of Weak Lensing
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Several effects are interrelated (CTI/NL/BFE);
Significant time evolution of some effects (ice);

What Is

hard | some unexpected events (proton shower, etc.)
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Why as a theorist should you be interested in

challenges of data acquisition? g,,moie of Weak Lensing

* Possible biases comes from many sources, so each need to be controlled to even higher
precisions.

At small scale, baryonic physics impact shear measurement, so we want to measure
shear at scale larger than a few arcmin. We must pay attention to detection effects that
could cause systematics coherent distortion at these scales

* |f there are systematic residuals impacting shear measurements, we will misinterpret the
result and wrongly estimate the cosmological parameters

* Engineers cannot do everything by themselves: they need input from researchers to

understand what to precisely monitor and how the residuals of their correction impact
shear estimation.

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 18



INTRODUCTION

From photons to galaxy

catalogues: a complex
chain

Example of
Euclid science ground segment

Science Ground Segment

SGS

ESS. Survey planning

SCS. Instrument commanding

QLA: Quick look analysis

HMS: Scientific health monitoring

LE1: Level1 processing

I0T: Instrument Operations Team

VI5: VIS image processing

MIR: NISP photometry image processing
SIR: NISP =pectroscopyimage processing
EXT: External data ingestion

MER: Euclid and External data merging

SPE. Spectroscopic redzhift and spectral
properties

SHE: Shear and weak lensing
measurements

PHZ: Photometric red=hift measurements

Operations Ground Segment

el LEOP Ground

I p— —
- ---':I:|_._

wr;

K-band {256 Ghz)

atanions

Routine Ground Stations MNMNO-2
(AA)

AAR 4~

- SVT:TM, TC

ESTRACK DSM: CEB, MLG, (MNO) i_ KOU (TBC)

3

Science Data

TTEC: TM, TG, Tracking

1'— ESS/SCS |- QLA/HMS | |

|
Ls.nc SE R Level 1 |

T | .L »J— Level E

| v s

3"‘91 * Level 2
ST T ! 7
Level S SPE | SHE | PHZ I
& v

LE3: Level3 scientific processing

SIM: Image =imulations

ECSGS * e

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle

o[ Network uF | | Simulator

- =

a Mission Planning
= Mission

a Control Flight Dynamics Sys.
& System

= Ops Support Tools
&  Operational DB MOC (ESOC)

| | |
'SICDB| |FDSDB | SDE/SVF

[ ] Mission Ops G5 (ESOC) [ Industry Responsibility

Courtesy: G. Racca, ESA PO and Euclid Consortium ECSGS
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INTRODUCTION

From photons to galaxy catalogues

* Avery complex chain

* A huge group of persons that must work together: technicians, software
engineers, research engineers, astronomers

* |[n any case, very inter-disciplinary work:
e Cosmology
* Astrophysics: space weather, astronomical foreground, etc.
* Detector physics
* Optics: filters, dichroic, grism, ray tracing
* Engineering
 Software / pipelines / algorithms
* Requirement flow-down / interfaces / management/ communication

It’s fascinating and fun!

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 20



Outline
Introduction
1. Designing a galaxy survey: basic considerations on telescopes

Telescopes in comparison, on-ground or in space, fov/resolution/sensitivity, imaging versus spectroscopy

2. Overview of existing and upcoming galaxy large-surveys

Overview of DE surveys, Spectroscopic surveys. Zoom on DES| and follow-up, Photometric surveys. Zoom on Euclid

3. From distant galaxies to the detector: the case of VIS on Euclid

Astronomical foreground, being in space, data acquisition chain, zoom on BFE and CTI

4. FEuclid: the adventure of a space telescope

Some surprises that can happen when you launch at L2

Conclusion

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle
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1. Desiging a survey: basic considerations on telescopes

Telescopes in comparison

* Each telescope has its own “specialty” on which depends mirror size + focal plane area +
detector sensitivity + strategy of sky scanning

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle
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1. Desiging a survey: basic considerations on telescopes

Telescopes in comparison

* Each telescope has its own “specialty” on which depends mirror size + focal plane area +
detector sensitivity + strategy of sky scanning

HST JWST Euclid Vera Rubin Observatory
Launch: 1990 Launch: 25 /12/2021 Launch: 1/07/2023 First light: 06/2025

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle
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1. Desiging a survey: basic considerations on telescopes

On-ground or in space?

* Each telescope has its own “specialty” on which depends mirror size + focal plane area +
detector sensitivity + strategy of sky scanning

* Data from ground-based telescopes are affected by atmosphere which filters certain
wavelengths + “low” seeing quality

| Chile
Low orbit (~515km) L2 L2 0.67” at ~700nm

0.075” at~700nm 0.023” at ~700nm 0.16” at ~700nm

HST JWST Euclid Vera Rubin Observatory
Launch: 1990 Launch: 25 /12/2021 Launch: 1/07/2023 First light: 06/2025

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle
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1. Desiging a survey: basic considerations on telescopes

On-ground or in space?

* Each telescope has its own “specialty” on which depends mirror size + focal plane area +
detector sensitivity + strategy of sky scanning

* Data from ground-based telescopes are affected by atmosphere which filters certain
wavelengths + “low” seeing quality

* On-ground telescopes can host larger mirror and larger camera than space telescopes

HST JWST Euclid Vera Rubin Observatory
Launch: 1990 Launch: 25 /12/2021 Launch: 1/07/2023 First light: 06/2025
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1. Desiging a survey: basic considerations on telescopes

On-ground or in space?

* Each telescope has its own “specialty” on which depends mirror size + focal plane area +
detector sensitivity + strategy of sky scanning

* Data from ground-based telescopes are affected by atmosphere which filters certain
wavelengths + “low” seeing quality

* On-ground telescopes can host larger mirror and larger camera than space telescope

Camera:
oom 2800 kg
Camera:
113 kg
8

O o

A4Am
1.2m
2.4 m
HST JWST Euclid Vera Rubin Observatory
Launch: 1990 Launch: 25 /12/2021 Launch: 1/07/2023 First light: 06/2025

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 27



1. Desiging a survey: basic considerations on telescopes

Field of view /
resolution / Sensitivity

* Sensitivity depends on:

O mirror size 17 de la surface de
o sensitivity of the detector la pleine lune _ |
Soatial resolut Hubble 40 fois la surface de la pleine lune
patiat resotttion Vera C. Rubin Observatory
depends on: 0.7% de la surface
o Atmospheric turbulence de la pleine lune
JWST

O MmIrror size size and
wavelength. Rayleigh

Criterion: R~1.22% ’
J fois la surface de

 Field of view depends on la pleine lune

o detector size ‘ Euclid

23/07/2025




1. Desiging a survey: basic considerations on telescopes

In space: low-orbit or L2?
goesa

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle




1. Desiging a survey: basic considerations on telescopes Credit: NASA & ESA

In space: low-orbit or L2?

* Low-orbit: e.g. HST (< 600km)

o Maintenance is possible!
BUT P

o Target occultation by the Earth for varying duration during each 96-
minute orbit, depending on target’s angle from the spacecraft’s
orbital plane

o Geocoronal emission, Earth shine, zodiacal light

o Orbital thermo-cycling / shadow passage every 90 min
Credit: NASA's Scientific Visualization Studio

¢ L2: e.g. JWST, Euclid, Gaia, Planck, ...etc

o Lower background

o More thermally stable

o Better visibility all the time.

BUTo No possible maintenance

o More sensitive to space weather (not protected by earth magnetic Earth magnetic field
field)

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 30



2. Existing and upcoming
galaxy large-surveys for DE

A. Spectroscopic redshift surveys
B. Weak lensing surveys

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle



1 De5|g|ng a survey ba5|c con5|derat|ons on telescopes

v'
-

;‘

Imagmg

Weak lensing

* Photometric surveys:

o galaxy angular positions
o shapes

o redshift distributions in tomographic bins
» shear power in tomographic redshift slices

e Sources of noise:

o Not enough statistics
o Redshift distribution incorrectly known

o Systematics in shape measurements

* Strategy to improve measurements:

o Larger sky coverage, deeper images

o Multi-wavelength photometry + good
knowledge of galaxy spectra diversity

o High resolution photometry (in space), NIR,
good control of the wavefront error



1. Desiging a survey: basic considerations on telescopes L 'g 2"3 N
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o accurate redshifts. In general target selections from imaging survey ‘

(not for grism)

. o LR - %2.
* Spectroscopic survéys: . | ¢ SR ,3"«»{!.5. :
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o galaxy angular positions - 4

» Compress galaxy positions into power spectrum

o o ** v %, TLJ¥T % g q’ e
 Sources of noise: D ST rt Kiet e Reak iy

o Not enough statistics

o redshift errors

o Finite number of tracers / samplingbia's BT SAC L

* Strategy to improve measurements: ;

o Larger sky coverage, fainter flux limit (less catastrophic failures,
higher sampling) E—

o Larger wavelength coverage (reduce sampling bias, higher
redshift)

o Higher spectral resolution (better quality redshift, less

A
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1. Desiging a survey: basic considerations on telescopes

Additional considerations on spectroscopy

Multi-object spectrograph Slitless spectroscopy
e.g: BOSS, DESI e.g: NISP (Euclid), WFI (Roman)
* Need imaging survey for target selection °* No target selection ~ dispersed imaging
* Large-flexibility in imaging strategy * Intricate mixing of spatial and spectral information

, |
Yy MJWWmﬁM&J{M

Performances: Number of fibers (and configuration time), Performances: Spatial resolution, Wavelength resolution (+FoV,
Wavelength resolution (+FoV, sensitivity, wavelength range)  sensitivity, wavelength range)

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 34



2. Overview of existing and upcoming galaxy large-

Classification of the Dark Energy Task Force

Albrecht+2006: Report of the Dark Energy Task Force

Performance of a survey quantified in terms of gain in the DE figure of merit (i.e reducing the area

of the 95% confidence limit in the wy — w, plane)
2dF, SDSS

e Stage ll: observational statusin 2010
BOSS / SDSS-I|II *

o Stage lll: experiment started in the 2010s
eBOSS/DES/HSC /KIDS-1000 *

o Stage |V: experiments started in the 2020s
DESI/ DESI-II / Euclid / LSST/ Roman *

¢ Stage V?
Spec-5: https://spec-s5.org/ Besuner+25, Schlegel+22, WST

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle

Contour enclosing
" 95% confidence

DETF
Fiducial Model

*non-exhaustive list
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https://ui.adsabs.harvard.edu/abs/2025arXiv250307923B/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220903585S/abstract
https://arxiv.org/abs/astro-ph/0609591

2. Overview of existing and upcoming galaxy large-

Overview of past spectroscopic surveys AN

Giovanelli&Haynes+91
Sandage 1975
Rood 1988

-
i)

CfA2 and SSRS2 redshift surveys,
Chincarini, G., & Guzzo, L., 1998

23/07/2025 Les Houches -- Dark Universe -- Clotilde <I_)_ga‘}igle % 36


https://ui.adsabs.harvard.edu/abs/2022arXiv220903585S/abstract

2. Overview of existing and upcoming galaxy large-

Spectroscopic surveys: overview

Euclid collaboration, Mellier+25 Schlegel+22
103_ .H {i@Q "'** 1{?3
FE; .' . 8 ]
f;;r. . Euclid 10
B | @ DESIELG
2 10" " @ DESIBGS @ DESI QSO - ,
B @ DESI LRG 5,655' i
o . 6
‘S 10 ) c,’
8 ggde GAMAs WiggleZ
E 10 .SDSS main sarnple L SS e G‘FPERég)LéS
@ 2FRs @ 99 @ aBoss aso 2 - TERRRL LAMOST
" @ eBOSS LRG 107 - " o BAS
10°] @VIPERS ./ 7 ,’tgfﬁRS
@ SDSS LRG ’
. 4 . T 1980 1990 2000 2010 2020 2030 2040
Comoving volume [h™Gpc’] Year
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https://ui.adsabs.harvard.edu/abs/2022arXiv220903585S/abstract

2. Overview of existing and upcoming galaxy large-

Spectroscopic surveys: overview

Credit: David J. Schlegel (Berkeley Lab using data from DESI

SDSS 2000-2020 ol ' o SO " DESI. 7 first mo
1000 spectra in 1h e AR e L U 2 5000 spectra inidk



https://en.wikipedia.org/wiki/David_J._Schlegel

2. Overview of existing and upcoming galaxy large-

Spectroscopic surveys: stage |V

Naidoo+22

Galactic ‘

\

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle
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2. Overview of existing and upcoming galaxy large-

Spectroscopic surveys: DESI(-II)

oKitt Peak observatory (Arizona). 4m telescope
05000 fibres, FoV 8 deg?
o 700 “effective hours” per year = dark, clear time with good (1.1 arcsec) seeing

. DESI (2021-2026) 14000 deg? (360-980 nm)
 hundreds of millions of redshifts (~8000 gal/ deg?)

 Selection using flux /color cuts to deliver galaxy samples at a optimized density given observation
constraints

o BGS 13.5 million galaxies 0.05 < z < 0.4

o LRGS 8 million galaxies 0.4 <z < 1.1

o ELG[OIl372] nm 16 millions 0.6 < z < 1.6
o QSO+ Lyman-alpha 3 millions 0.8 < z < 3.5

» DESI-II (2029-2035) > 10000 deg*
e probe 2 < z < 4.5 Universe with LAEs (Lyman Alpha Emitters) and LBGs (Lyman Break Galaxies)
* higher-density z < 1 galaxy sample

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 40



2. Overview of existing and upcoming galaxy large-

Spectroscopic surveys: stage-V DE experiments

Credit: C. Yeche

* Alm:
* Extend redshift coverage
* Extend galaxy density

Z2<4.5

* Technical improvements:
 Extend primary mirror size
* More fibers positioners => 15 faster than DESI
* Extend wavelength coverage

* Need: imaging survey for target selection (e.g.
LSST) esp. dropouts LBG at z>2

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 41



2. Overview of existing and upcoming galaxy large-

Photometric surveys: overview of stage-|ll DE

experiments

Secco+2?2

" DESY3
B KIDS-1000
I HSC
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https://arxiv.org/pdf/2105.13544
https://www.darkenergysurvey.org/
https://www.darkenergysurvey.org/
https://kids.strw.leidenuniv.nl/
https://kids.strw.leidenuniv.nl/
https://hsc.mtk.nao.ac.jp/ssp/
https://hsc.mtk.nao.ac.jp/ssp/

2. Overview of existing and upcoming galaxy large-

Photometric surveys: overview

23/07/2025

Les Houches -- Dark Universe -- Clotilde Laigle

Survey res Area Bands depth density
arcsec | deg” nm | gal/arcmin’
Stage-II SDSS-111 10000 ugrizs r~23.5 2
2000 -
— HSC-SSP [3] | 0.58 1400 grizy r~26.1(50) 20
b 2014 -
1 DES [4] 0.96 | 5000 grizY | r~24.3 (100) | 6
& 2013 - 2019
KiDS 0.7 | 1350 | ugri(+ZYJHK;) | r~25(50) | 6
Euclid 0.16 | 14000 VIS+YJH I ~24.5 (100) 30
2 2023-2030
ﬁ; LSST 0.7 18000 ugrizY r~ 27.5 (50) 30
L 2025 - 2035
Roman | 0.2 2000 YJH Y ~ 26.5 50
2026 - 2032
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2. Overview of existing and upcoming galaxy large-

Galaxy WL: choice of filter passbands

A broad red band is preferred to limit clumpiness and maximise the number of sources

But angular resolution decreases witf

increasing wavelength

“increasing clumpiness 19-

¥

149.94090 +1.82834 eqg
Subaru B and i+ bands

|
|

z=0.36

VIS .

—— 2z=0.36, M+ =10'%PM,, SFR = 3.28[M«/year]

1
Observed Wavelength [um]
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2. Overview of existing and upcoming galaxy large-

Galaxy WL: choice of filter passbands

A broad red band is preferred to limit clumpiness and maximise the number of sources

But angular resolution decreases witt
20

N)
—

increasing wavelength

" increasing clumpiness
_Fos 7

AB magnitude

150.55381 +2.53197 eqg
Subaru B and i+ bands

ND
~

|
|

N) ND N) ND
ol B W N

.
N
(@)

z=0.92

VIS

—— 2=0.92, M+ = 1011%M, SFR = 10.21[M+/year]

1
Observed Wavelength [um]
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2. Overview of existing and upcoming galaxy large-

Galaxy WL: choice of filter passbands

A broad red band is preferred to limit clumpiness and maximise the number of sources

But angular resolution decreases witf
22

increasing wavelength

" increasing clumpiness

AB magnitude

N)
~

»

149.66106 +1.69547 eq
Subaru B and i+ bands

N)
O

N N NJ
U - W

N
(@)

-
N
00

-~ z=1.36, M+ = 101101\, SFR = 10.97[M+/year]

1
Observed Wavelength [um]

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 46




2. Overview of existing and upcoming galaxy large-

A major step forward with Euclid

Melchior, P+2021 Similar to Euclid

DECalS ’ N ' CANDELS
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2. Overview of existing and upcoming galaxy large-

A major step forward with Euclid

Euclid collaboration Mellier+25

0&.(0) [10~* arcmin]

23/07/2025

o))

N

N

-

Les Houches -- Dark Universe -- Clotilde Laigle

0.5<z<0.7 0.6<z<0.9 09<z<1.2
¢ KiDS 1000 AL DES Y3
-4-- Euclid -4-- Euclid t*HH
ot
J’“ *‘l
* . __,.*"’ 1‘
#’ﬂ'!*‘+ﬁr¥‘_+-+*"'x - - ;;\* *
PO t | ¥ HsCY3
+ -+4- Euclid
To° 10t 1o°  10° lor 102 10° 1ot 107
@ [arcmin] @ [arcmin] 6 [arcmin]
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2. Overview of existing and upcoming galaxy large- V. Rubin: Ivezic et al. 2019
, Euclid: Laureijs et al. 2011

EUCIid, V. RUbin, ROman ObservatOries | ' foman: Akeson etal. 2019
comparison

O
23.0 | | | | | | 106 z C_B
= ——— LSST (10 r, S Hemésphere AM 1. 2) ;\R IAFTA\i-ILs Q
235 | Roman (2227 deg ref zodi) 1 o 1 % | i A —+
E Euclid (15k deg?, B=45°) | 8 10° [ POSSI IR ““Cl'\dlw'd.e ESSTY ) - —
24 0 + Labels indicate PSF Y —_— H - W) -2MASS K KUKIDSS Y ! >
an half light radius in 300 300 310 8 10¢ - s UKI.[;SS < DSS Il z- ‘ - 2
< 24 5 | units of milliarcsec VIS _ © | ZMASS J : . Roman/AFTA >
— ' 130 y S 03| W'S.E?”m l SN, Wide
e, 250 k 390 i qn)o I T |CFHTLS Wide z| . Roman/AFTA—
®) : S N " (Il SN, Deep
n n i S— 2 | | B
9_, 25.5 F184 % 10 | EUCIId Deep J |
= 2600 2 Roman ™ | & . 1. | | | clisoeps
O 390 H O : CANDELS Wlde ' .. .t
265 LSST — L —— I | ™ CANDELS Deep J
= | 120 —T30 130 Q 1 - 35\'(\%
O 270} 390 i 2 <
8 wsl ——_ 2 el
7.5 B ——— 7 \: \‘\ \"\
390 | HU?| B
28.0 | l | | ! | | | | ! | ! ! 1024 — T — | d—
0.4 0.6 08 1.0 1.2 1.6 2.0 10 1 10! 102 10® 10* 10° 10° 107
Wavelength (microns) Flux Sensitivity (mlJy)

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle 49



2. Overview of existing and upcoming galaxy large-

OverVIEW Of EUCIld Scan 14000 deg? in 6 years

Need on-ground complementary data for redshift computation
Euclid collaboration: Mellier et al. 2024 DR1 release (1900 degz: oct. 2026)

x
L.
Ey R

b AL [
et

proposal launch

2007
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2. Overview of existing and upcoming galaxy large-

https://www.cosmos.esa.int/web/euclid/euclid-q1-data-release

Euclid Quick data relegse ] Soan 14000 deg? in 6 years

und complementary data for redshift computation
Euclid collaboration: Mellier et al. 2024 DR1 release (1900 degz: oct. 2026)

3 5:‘; = g
Stamy

2023
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2. Overview of existing and upcommg galaxy Iarge-
.surve SRR M B |

i Overview of EUC|Id 2 mstruments
W 110 R

The NISP will measure redshifts of 25 f'{ IR © [ VIS will measure the precise shapes of >
millions of galaxies, up toz=1.8 over S R [ 2 Dillions of galaxies, and over 14000
14000 degz with a grism | A ' deg2 using photometry (40 000

| | s S ® eXxposures).

Technical characteristics: Technical characteristics

*60 millions of pixel R REERE O 8 600 million pixels

“field of view 57 deg? B E S & -0.17/pixel i

16 detectors, 0.3” / pixel i L gl *530-920 nm wavelength range defined by

*3 photometric bands BL I PRy  COated

-2 spectroscopic bands @ (I BEEPOCR  *Ticld of view: 0.55 deg

*Spectral resolution: R~480 | © | W ERCCEREIg cxPosure times 10min:

Depths: 490000 detected galaX|.es, .
e U aEeeRaEe  \vith the 50000 most brightest will be used s

for shape measurements £S

24.5 AB mag (50 point source) and
16 erg/s/cm2 (line flux)

e i N . ; .-:.%’:.
’-';l D & rk n|ve'rse»~ ClOtllde\L'a1gt9

."7’ .

5 & t



2. Overview of existing and upcoming galaxy large-

Overview of Euclid

VIS electronic radiator

e

Primary mirror:1,2 m

\ —
s
am wum
e

_—

<

o

~ >, NISP radiator
_§ Fold Mirror 3

.<,T:, Fold Mirror 2

85 Dichroic

S VIS Calibration Unit
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High accuracy on galaxy shapes

... Requires a clean galaxy catalogue (no artefacts)

What is a galaxy?

Reasonable measurement of galaxy fluxes

Redshift distribution in tomographic slices



What are galaxies in the images?

Stars — Point Spread Function

g

23/07/2025 Les Houches -- Dark Universe -- Clotilde Laigle
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Scaramella+22

What is an object? Sky background extraction

+90° @

+75°

+60°

+45°

+30°

Dec. (2000)
Q

—45°

—60°

—75°

—90° L

23/07/2025

18h 16N 14h 12h 10h gh 6h 4h 2h oh 22h 20h

-
p—

Stellar density per square degree [Gaia Grp = 20th magnitude]

|
10K 20K 40K > 50K
3 Rol Boundary PEAK 3 .

Reddening E(B-V) Zodiacal light M)y/sr
W

0.02 0.09 0.15 >0.20 0.31 0.34 0.37

Rol Boundary PEAK Rol Boundary
270° 240° 210° 180° 150° 120° 90° 60° 30° 0° 330° 300°

R.A. (2000)
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What is an object? Sky background extraction

* Background contains mostly zodiacal light and straylight from stars and solar
system bodies + cirrus clouds

Cirrus

1% of the full SN b0

Credit: ESA/Euclid/Euclid Consortium/NASA, CEA Paris-Saclay, image processing by J.-C.
Cuillandre, E. Bertin, G. Anselmi; ESA/Gaia/DPAC; ESA/Planck Collaboration
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What is an object? Sky background extraction

* Background contains mostly zodiacal light and straylight from stars and solar
system bodies + cirrus clouds

 Large-scale coherence of the background. If not correctly accounted for, it can
add-up systematics to galaxy fluxes / shape measurements

* But what are object edges? Sometimes itis hard to tell!

- e =

a.l a.2 a.3 a.8 et

Akhlagi+15: NoiseChisel
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High accuracy on galaxy shapes

... Requires a clean galaxy catalogue (no artefacts)

... Requires a robust tool to estimate shapes (in Euclid: LensMC, Euclid Collaboration: G.
Congedo+24)

... Requires an accurate calibration of the PSF

Reasonable measurement of galaxy fluxes

Redshift distribution in tomographic slices


https://arxiv.org/search/astro-ph?searchtype=author&query=Euclid+Collaboration
https://arxiv.org/search/astro-ph?searchtype=author&query=Congedo,+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Congedo,+G

.
. \ . - : -

. - .
.-
. . :
.
. -

V\feak Iensmg what do we need ’

\ T s
. H|gh accuracy on galaxy shapes b R
| * ... Requiresa clean galaxy catalogue (no artefacts) 9 -
:‘ : * ... Requires arobusttool to estlmate shapes (in Euclid: LensMC Euclid Collaborat|on G. | :
Congedo+24) » - = - . .
x> : 5 10 Euclid collaboration: Mellier et al. 202:11,0[}
* ... Requires an accurate calibration of the PSF '
. ' ... - 05 10_1TE
. ‘ > : . :: E
. . ' . S 0.0 =
’ ¢ . 107 &
. . s =
e ; . | : B -0.5 S
. * Reasonable measurement of galaxy fluxes L J 107
' : ' ~1.0

~1.0 -0.5 0.0 0.5 1.0
Distance x ["]

#® -« Redshift distribution in tomographic slicesf§



https://arxiv.org/search/astro-ph?searchtype=author&query=Euclid+Collaboration
https://arxiv.org/search/astro-ph?searchtype=author&query=Congedo,+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Congedo,+G

High accuracy on galaxy shapes
... Requires a clean galaxy catalogue (no artefacts)

... Requires a robust tool to estimate shapes (in Euclid: LensMC, Euclid Collaboration: G.
Congedo+24)

... Requires an accurate calibration of the PSF
* ...Requires to clean for all the effects impacting the pixels

Reasonable measurement of galaxy fluxes

Redshift distribution in tomographic slices


https://arxiv.org/search/astro-ph?searchtype=author&query=Euclid+Collaboration
https://arxiv.org/search/astro-ph?searchtype=author&query=Congedo,+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Congedo,+G




A look at Euclid first images

Early commissioning test image, VIS instrument
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A look at Euclid first images

Early commissioning test image, VIS instrument
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Being In space means ...
being sensitive to space

GOES PROTON FLUX
GOES Proton Flux (5-minute data) =
Foom 6 Hour 1 Day 3 Day 7 Day
104 _
L 103 |
< 102 |
v =
TE 101 [ SWPC 10 MeV Warn|ng Threshold
u -
v - m
: : \\‘\—\MMWM
& 10-1 [ ;
10_2 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00
May & May 9 May May May May May May
10 11 12 13 14 15
Universal Time
— GOES-18 > 10 MeV — GOES-18 = 50 MeV — GOES-18 > 100 MeV
Updated 2024-05-14 05:40 UTC Space Weather Prediction Center
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Credit: ESA/Euclid consortium / NASA

2023-07-22103:29:467Z

Impact on VIS images

Several kind of cosmics with
different morphologies

e Electrons

* Protons
o Long-term damage (CTI)
* Energetic Xray from solar
flares

o Comes from incomplete
shielding of X-Ray (see left)

o No long-term damage
o <3% loss of images
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Credit: ESA/Euclid consortium / NASA

Impact on VIS images

Several kind of cosmics with
different morphologies

e Electrons

* Protons
o Long-term damage (CTI)
* Energetic Xray from solar
flares

o Comes from incomplete
shielding of X-Ray (see left)

o No long-term damage
o <3% loss of images
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* Cosmic rays do not go through the optical system

» not affected by PSF
» Can be identified from the sharpness of their edge

e Still hard to correctly mask cosmics in the core of stars
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How to mask.cosmices?

ﬁ
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Can also be identified from the stack image

Dithering strategy: 4 nominal exposures + 2 short exposures
= A |

-
. »
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Overview of a data acquisition chain: VIS on
Euclid

600 million pixels

WO OG

Focal plan of the VIS instrument

300 000 galaxies
50 000 directly useable for shape measurement
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https://www.mssl.ucl.ac.uk
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How to quantifty the impact of Photons

electronics / optics at the pixel - &ff".’{?}}Apixel
level? e
* We take calibration exposures /@/71‘ -
/al/

* |tis asignificant amount of telescope time!

Photons to signal

.*"
L d
-
/] -
-
- ’ -

A conversion
VIS ;a T
4 I.-band nominal exposures 566 s each i?g;ﬂ‘ Eg
[ ') .
2 I.-band short exposures 95 s each SN NS
. ‘fh“} hh :
Bias 2 per day s Ny SN
Dark 4 per day EE\Q Ei. |
Flat 6 per day RS EE..E SuSN | .
T . 6 d TR NN \\Ha 1
rap pumping per day NSNS Co NN ;
Charge injection 8 per day SNSN TN ”
S S “'——/ '
NISP SNNSSS | SSSNSAS
: R R l '
4 red-grism spectro exposures 574 s each SSNN SNNNNAN
_ I LT~
4 Y:-band exposures 112 s each RS :E-Efi: E |
4 J:-band exposures 112 s each N E;“:EES !
4 H.-band exposures 112 s each ' AN S|
1 Dark 1125 SO
N

Optical chain
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What happens when illuminating the FPA with the
calibration lamp?

- Thisis a
https://www.ias.u-psud.fr/fr/activites-techniques/service- | . .
optique/euclid Cd I.| brat|0 N

exposure
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What happens when illuminating the FPA with the

calibration lamp?
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Brighter-Fatter effect

The response of a given pixel to illumination is independent of the content of the neighboring pixels.
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Brighter-Fatter effect

The response of a given pixel to illumination istependent of the content of the neighboring pixels.
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Brighter-Fatter effect

The response of a given pixel to illumination istependent of the content of the neighboring pixels.

CAUSE:

Coulomb forces induced by stored charges in a pixel deflect forthcoming charges
> “Sharing of charge” between pixels (but total charges are conserved)
R Change of “sharing of charge” between neighboring pixels as charge build up in the pixels
> The details of this “sharing of charge” depends on manufacturing details of the CCD

photons
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Credit: A. Guyonnet
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Brighter-Fatter effect

The response of a given pixel to illumination istependent of the content of the neighboring pixels.

CAUSE:

Coulomb forces induced by stored charges in a pixel deflect forthcoming charges
> “Sharing of charge” between pixels (but total charges are conserved)
R Change of “sharing of charge” between neighboring pixels as charge build up in the pixels
> The details of this “sharing of charge” depends on manufacturing details of the CCD

McCracken+2025
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Brighter-Fatter effect: diagnostic and

correction

The response of a given pixel to illumination is

* Neigboring pixels are correlated
e Statistics of pixels is not poissonian anymore
Coulton+2018

0.05 1

0.04

e 003
Qup -

0.01 °

0.00 °
2C T 8
Olumn 8

(a) Correlations in a 15 second exposure

0.05 {
0.04 1
0.03 1
0.02 1

0.01 °

0.00 *
2C ¥ 6 8
olumn 8

(b) Correlations in a 60 second exposure

Variance of difference Image (e ~ ?)

e
o
S}

»
~
Ul

=
Ul
o

=
N
Ul

1.00

0.75

0.50

0.25

1le5

dependent of the content of the neighboring pixels.

-~ Poisson
- =%~ \ariance

—#»= Summed Covariances ’

075 100 125 150 1.75 2.00
Sum of Image Means (e ) le5

23/07/2025

86 Les Houches -- Dark Universe -- Clotilde Laigle



Brighter-Fatter effect: diaghostic and

correction

The response of a given pixel to illumination is

* Neigboring pixels are correlated

e Statistics of pixels Is not poissonian anymore
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(a) Correlations in a 15 second exposure

source term
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Coulton+2018

0

2
COIer;S 8 8

(b) Correlations in a 60 second exposure

The image is convolved with the kernel to compute a deflection potential
The algorithm calculates the required pixel-to-pixel flux transfers from the gradient of this potential

87 Les Houches -- Dark Universe -- Clotilde Laigle

?)

Variance of difference Image (e~

2.00 -

1.75

1.50

1.25

1.00

0.75

0.50

025

0.08'

Xdependent of the content of the neighboring pixels.

le5
—e& - Poisson
—-» = Variance ,"
’ 4
—+= Summed Covariances >
L 7 A
P -’
R A
’ -~
o 7’
A
’ s
7
— ,I //
/, ’/
@ 57
7’
= 7 -
/,/,
7 7
7’
/*/
- 7
D
/’/}
2°
'l
| ’
‘/
7’
[ 4
I I I I I I I I

o0 0.25 050 075 100 125 150 1.75 2.00
Sum of Image Means (e ) le5

Correction: The BFE kernel (deflection field) is the solution of the Poisson equation with the pixel covariance as the

87




Brighter-Fatter effect: diagnostic and

correction

The response of a given pixel to illumination is

* Neigboring pixels are correlated
e Statistics of pixels is not poissonian anymore
Coulton+2018
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Deterioration due to radiation damage: charge-
transfer inefficienc

Credit: ESA/Euclid consortium / NASA
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Deterioration due to radiation damage: charge-
transfer inefficiency

* Due to cosmics, charge traps are formed
in the CCD

* Traps capture electrons during redout

* When itis released, it creates a trail
along the readout direction

A Trap!

izl

Credit: J. Nightingale, R. Massey, H.Israel
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Deterioration due to radiation damage
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Charge-transfer inefficiency calibration

2 daily calibration data sets to identify traps
Charge Injection (trailing of known patterns of charge), Trap Pumping (shuffling charge over defects)

Skottfelt+2024: Tracking radiation damage of Euclid VIS detectors after 1 year in space

|
“l
ol
|
l

* Model describe the capture & release of electrons. Well understood from solid state physics / lab.

* Parameters describing trap properties on each CCD:
o Exponential release time constant of each trap.
o Density pt of each trap species.
o The volume fill parameter B.

92
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https://www.cosmos.esa.int/documents/10647/11799482/Laureijs_2024_SPIE130920M.pdf

Turning-on VIS

Credit: M. Schirmer
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https://www.cosmos.esa.int/documents/10647/11799482/Laureijs_2024_SPIE130920M.pdf

Tu rn i n g-O n V I S Credit: M. Schirmer

VIS.2023-07-13T01:26:50 (350 seconds + 72s readout)
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https://www.cosmos.esa.int/documents/10647/11799482/Laureijs_2024_SPIE130920M.pdf

Turning-on VIS

VIS.2023-07-13T01:26:50 (350 seconds + 72s readout)
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https://www.cosmos.esa.int/documents/10647/11799482/Laureijs_2024_SPIE130920M.pdf

Turning-on VIS

23/07/2025

Les Houches
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https://www.cosmos.esa.int/documents/10647/11799482/Laureijs_2024_SPIE130920M.pdf

Straylight depends on the telescope attitude with
respect to the sun,, _
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Flux [e- s71]

0.14

0.12

0.10

Need to desigh again the entire survey to account for the new AA constraint: impact on survey area
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Fine guidance sensor (FGS) tracking anomaly

Credit: ESA / Euclid Consortium / TAS-I
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Fine guidance sensor (FGS) tracking anomaly

correction
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Fine guidance sensor (FGS) tracking anomaly

correction

23/07/2025
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The importance of monitoring

Long exposures
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lcel

* Material outgassing in a vacuum leads to
molecular contamination

* awell-known problem in spaceflight

* too much ice means that calibration
requirements cannot be met anymore

* Euclid must be thermally decontaminated
Schirmer+2023

MLI layers. Credit: John Rossie /
AerospaceEd.org, CC BY-SA 3.0
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The importance of monitoring:
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The importance of monitoring: ice
decontamination

ESA / Euclid Consortium
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The importance of monitoring: ice
decontamination .. ...

In (VIS/Gaia)

23/07/2025
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With great statistical power comes big data

Challenges of data downlink, storage, processing and release

* Euclid:
* 9Gb for one VIS frame and associated products (weight map, background map, etc).
* One single run of MER processing more than 500GB in ~10+hours.
 Several 10PB over the full surveys

* Vera Rubin Observatory: https://rubinobservatory.org/for-scientists/rubin-101/key-numbers
* Eachimage is 8Gb. 1000 per night + 450 calibration exposures
« 20 TB per night. 60 PB over 10 years. Several hundreds PB after processing
* Prompt processing is required to raise alerts (in case of transients): ~10millions per night
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The need for complementary observations

Complementary Data
- necessary for core Euclid cosmology measurements
- examples:
- multiband optical imaging (wide field and deep/calibration fields)
- spectroscopy for photometric redshift (photo-z) calibration
- stellar spectroscopy for PSF modelling
- HST imaging for galaxy shape calibration

Enhancing Data
- enhance Euclid cosmology measurements, but not required
- examples: infrared imaging of deep + calibration fields

Ancillary Data
- enables broad legacy science

Lower Priority to Higher Priority

Tertiary Data
- enables specific legacy science

Complementary Observations Group: J.C. Cuillandre (wide survey), D. Stern
(deep survey & spectroscopy) and K. Kuijken (end-2-end)

Aim: coordinate, prioritize, and track efforts to obtain complementary observations
for Euclid
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The importance of synergies between surveys
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The importance of synergies between surveys
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External data (needed

for photo-z estimates):
: . UNIONS in the north and
\ s . | LSST in the south
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Euclid Wide Survey : 17 Kdeg.?2 compliant with a 15Kdeg.2 survey [__1 Rubin LSST WFD, ugriz, 2023 : 8 Kdeg.? overlap - >
s euclid @ esa
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|1 DES, griz, 2019 : 4.5 Kdeg.? overlap
UNIONS (CFHT/JST/Pan—STARRS/Subaru), ugriz, 2027, 5 Kdeg.? | 1 LSST northern extension, griz, 2027 : 3 Kdeg.? overlap JL__ 3 Best 2600 deg.? SNR areas
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The importance of synergies between surveys:
deblending

Melchior, P+2021

CANDELS
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Conclusion

* Data acquisition challenges:
* Meeting the aimed precision for cosmology requires drastic calibrations and pixel-level corrections

* Other challenges that | didn’t talk much about
* Complementary probes and synergies are pivotal to make a survey give its best

* How to get from the images to galaxy catalogues (source extraction, profile fitting, photometric
redshifts)

* The amount of data poses new challenges in terms of storage and processing

* |Interpretation of the lensing sighal is not immune to astrophysical processes (intrinsic alignments,
etc.)

* Your take home message:
* Understanding data acquisition is pivotal to control systematics
* |tdrivesyou closer to the physical reality of the experiment, and it is actually fun!

* NB: many other probes and telescopes not discussed today: PSF, WST, CSST, MUST, Lyman-alpha forest, radio, etc.
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